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散逸は共振周波数 f と Q値の変化 から求めた．また，エ
ネルギー散逸と基板振幅から平均摩擦力を計算した．  
[結果と考察] 
図 1に平均膜厚 1分子と 5分子の C60薄膜，グラファイト基板（HOPG）の平均動摩擦力の基板振幅
を示す．それぞれの荷重は 5 nN である．C60薄膜の測定から次のことが明らかになった．1) 摩擦力が
変化する振幅は 0.2 nmであり，その値は大荷重の 0.8nm より小さく，グラファイト基板と一致する．
2) 低振幅での摩擦力の減少はグラファイト基板と比較して小さい．この結果は，低荷重では AFM 探
針が感じるポテンシャル周期は C60分子内の C-C 間距離であること，また低振幅での摩擦力の増加が
探針の運動による C60 分子の傾き・回転運動により起こることを示唆する．さらに測定結果について
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?????????, 17 ???? 18 ??????Amontons ? Coulomb ???
???? 3 ????????????
1. ??? F ?????????, ???????????N ?????
F = N ????????.




???????, ?????-????????? (Amonton-Coulomb's friction
law)????, ?????????????????. ????????????
???????, 15 ???? Leonardo da Vincih ???????, ?????-





?????????? 1/4??? (????? 0.25). 2)???????????
????????????????????????, ???????????
???????????????????????-???-?????????
????, 1964?? Bowden ? Tabor ???????????????, ???
?????????????????????? 0.20?0.60???, da Vincih ?
????????????????????????????[1] ?? da Vincih
?, ???????????????????, ???????????????
???, ????????????????????????????????
??????, Amontons ? da Vincih ??????????????????
?????, ???????, ? 1?????????. ??? Coulomb ???
da Vincih ? Amontons ?? 1 ?????????????, ????????
??????? 2 , ? 3 ???????.[2]
2 ? 1? ??
da Vincih ??????????????, ????????????????
?????????????????????????????????. ??
???, ?????????????????????????????, ???
??????????? 2 ??????????????????????, ?
????????????????????????????????????
???????????????????, ????  ?????????? 
?????,  = tan  ??????????. ???, ?????????? (




???, 18 ????? Desaguliers ????????????????????
?????????????????. ?????, 2????????????
???????,????????????????????, ????????
?????????, ?????????????????. ???????, ?
??????????????????????, ?????????????
????????????. ???, ????????????, ???????
????????????????. ???????????????????
????????????????????????????????????









??, ??????????????, ??????? nm ????????
?????????????????????????????????. ??












?????, ??????????????? (?????????)?, ??
???????????????? [6][7][8].
??, ????????????? (Scanning Probe Microscopy: SPM)??










???. ??????? 1.1(c)???????, ????????????
??????????. ???????????? 0.25 nm???. ??,






??, ???????????????, ????????????. ??
?, ?????????????????, ?????????-?????
?????????????. ??? 1.1(b)??, 2:4  10 5 nN????
?????, ??????????? 0.25 nm?????????????
??????????????.
Mate??????,???????????AFM?,?????? (Fric-





2003?? Johannsmann ??, ???????????AT-cut????
??????, ???????? 5 mm????????????????
?????? [10]?????????, ????????????????
????????? (????)?????, ??????? (????)?
?????????????, ????????????????????
4 ? 1? ??
???, ???????????????????????????.
? 1.2(a)??????, (b)?Au ????Au ???????????
??????. ? 1.2(b)??, ??????????????, ?????
????????, ?????????????????????????
? (??)???? 1/3????????????, ???????????
????????. ??, ???????? (????)????, ????














6 ? 1? ??
??????, ????????????????????????????
?, ???????????? (AFM)?????????????? (QCM) ?
???????????, ??????Q?????????????????
????????????????????, ????????? C60????
?????? 100 nN?????????????????????? [11].
????, ????????????????????, ???????????
?, ???????, ??????????????????. ???????,
??? 1?? Tomlinson ?????????????????????. ???
????????, ? 2????????.







 ? 3?????????????????????.??, ???????
AFM-QCM????????????????????????????
?????C60?????????????????????????.
















? 2.1 ?, ????????????? AFM ?????????????
(QCM)????????????????. ???????????????
??AFM ??????????????????? f ?Q??????, ??
????? (??????)????????????????????????
??????, ???? 2-3 N/m ???, ???????????? Si ????
???????? PRC400 ???? [18]. ?????????????????
40%??????. ??????????????? 2000 nN, ????????
??? 0.001 nm?? nm???.
???????????? f ?Q??, ??????????????????
??. ?????????????????????, ????????????
???????????. ???, ?????????????????????
????? 0 ?????????????, ????????????????








? 2.2?, ?? 400 nN????????? (a)????????fR=fR, (b)Q
8 ? 2? ????
???????Q 1, (c)??????????????????.
? 2.2(a)??, ?? 400 nN????????????? (????? 0.25 nm)
?C60??? (????? 1.0 nm)???????????fR=fR??????
???????????????????????, ?????????????
???????????????







??????, ???????????????????. ???, ??????
????????????????????????????.




???? k?????????. ? 2.2(a)?(c)????, ??????????
???, ?????????????????????, ? 2.1?????.
????????????? f ???fR=fR?, ????????????
???????, ?????????????????????, ????. ???
Q???????Q 1?, ????, ???????????, ???????
?????????????????????????????. ??????
????????, ???????????????????????, ????
????, ???????????????????????. ???, ????
??????????, ?????????????.








Tomlinson ?????, AFM???????????????, ???????






??, ???????, ??????????????????. ???????
??????, 1?? Tomlinson ?????????????????????.
? 2.1: ?????AFM-QCM??????.
????








? 2.2: ?? 400 nN????????? (a)???????fR=fR, (b)Q??
????Q 1, (c)??????????????, (d)1??Tomlinson ???.
????????, ??????????????????? [11].
????
? 2.1: ??????????????? 1
HOPG C60
m/kg 3:1 10 13 4:8 10 13
U0/J 1:2 10 17 3:1 10 16
a/m 2:5 10 10 10 10 10
k/Nm 1 3:2 103 5:1 103











?? 2003??, C60?????? 2??????????????????, C60
?????????????????????? [12][13]. ?????, ????
??? 150C?? 200C???????????, ??????? C60????
????. ???, C60???, ??????????????????????




???, ??????????????. ??????, ??????? 1 nm?










????????. ? 2.3(a)(b)??, ????????????, ?? 100 nN?
???????????????????????, ????????????
??????, ?????????????????????. ???, ? 2.3(c)
???? 100 nN????, ???????????, stick-slip????????
???? 1 nm ???????. ??, ?????????, 2004???Wang
??Au(111)?Ag(111)????C60??????????? [21], 2006???,
Coey ??Cu(111)???????????????????????? [22].
????? 2 ????????, ???????? C60??????????
??????????????. ???, ??????AFM-QCM??????
?????, ?????????????, AFM???????????? C60
?????????????????????????????.
????
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??????. ????????? (direct piezoeledtric eect)?????. ???
????????????????????????????????????






?????? 2.65 g/cm3??? 573C?,????????????????
??????????????????????????SiO2?????? 3.1





14 ? 3? ???????????
???????????????????
??????????, ?????????? AT-cut ? BT-cut, ?????
?????CT-cut, ??????? ST-cut??, ??????????????
????????.
3.1.1 ?????





AT-cut???Rotated Y??????????, X????? Z??? 3515
???????????????. ?????????????????? ??




?X???? 3356?????????, ?? Z???? 2256???????
?????????, AT-cut?????? 3?????????????, 95C
?????????, ??????????.??, ????????, ?? S=N
??????????, ???????????????????.
????, ??????Q???????????????????????



























v m = 1; 3; 5; : : : 2n+ 1 (3.1.1)





































AT-cut?????( ,  ) = (0 , 3515)?????????????????
????
 = 2:65 103 kg=m3; c66E = 0:3988 1011 Pa; c44E = 0:5794 1011 Pa
c14
E =  0:1791 1011 Pa;  e26 = e11 = 0:171 C=m2; e14 =  0:0406 C=m2
"22
S="0 = "11
S="0 = 4:428; "33




= 0:2900 1011 Pa
e026 =  0:0952 C=m2
"022
S



















= 3:321 103 m=s










2 5 106 Hz  3:321 10
3 m=s
= 0:3321 mm
16 ? 3? ???????????
SC-cut??????????????????. SC-cut??, ( ,  ) = (2156
, 3356) ???, ??, ????????????????.
 = 2:65 103 kg=m3; c66E = 0:3988 1011 Pa;  e26 = 0:0295 C=m2;
"022
S







= 3:823 103 m=s
?????, ?????? 10 MHZ? 3rd O/T??????, 3?????
SC-cut???????? dSC ?,





















dAT26 = 3:1 10 12 m=V (3.1.5)










???? 3.3??????? Vin? Vout????? 3.3???????????
????















































































R + r0 + rQ
=
1








































mx =  m!02x  2m _x
x+ 2 _x+ !0
2x = 0 (3.1.14)
?????????3.1.14?????2 < !02??????
x = Aej!te t ! =
p




x+ 2 _x+ !0
2x = Fej!et (3.1.16)
????3.1.16??????3.1.17???????????
x = A exp j(!et  ) (3.1.17)
A =
Fp




!02   !e2 (3.1.19)









































??????, ??????????????. ???, ???????????
?????????????Q?????????????????





????? cos ???0????sin ???90???????????????





Vin = Ain cos(!t) (3.1.24)
???????????




Vx = cos(!t) (3.1.26)
Vy = sin(!t) (3.1.27)
???????????????????? Vout??????????????
?????




fcos(2!t  ) + cos g (3.1.28)



























????????? ? 0?????cos ??? 0 V???????????
????????????????????????????????????
?????????????? 0????????cos ??? 0 V???? sin ?




Vx = cos(!t)Vout =Aout cos(!tà ò)
V1 = cos(!t) áAout cos(!tà ò) V2 = sin(!t) áAout cos(!tà ò)
VL2 = 2





Vin = Ain cos(!t)
Att.
Mixer
Low Pass Filter Low Pass Filter
QCM
? 3.4: ????????????????
































I????X???? Y ???. ???????????????X? Y ??
??????????????X? Y ???? 90?????????????
???????????????????????????????????.
3.1.8 QCM?????????????


















???.??????????????????????E ???, Q ????











































???. ???E??????????Young????. ??, ???????














24 ? 3? ???????????
? 3.5: ???????AFM??????.
???????














??????????????????????? (SPD)??? (? 3.6)???











































26 ? 3? ???????????
????????????????????????????????????
C1????????R1??????????S5981?????? '600 nm?
??????????? 0.4 A/W??? [25]????????????????


























??? C1  Cin????C1 + Cin ' C1???????S5981?????? C1
????????? 35 pF????Q???????????????????
????????????Q = 1=p2 ???????????????????





  4 106  33 103 = 9:2 pF (3.2.9)







2  33 103  47 10 12 ' 100 kHz (3.2.10)
2R2???????? 33 k
 ??????????????????????? 1?? PD?
















???? V1, PD2, PD3, PD4????????? V2; V3; V4 ????, ????
??????????? (AFM????)VAFM??
VAFM = (??????)  (??????) (3.2.12)
??????????????? (FFM????)VFFM??
VFFM = (??????)  (??????) (3.2.13)
?????????
VAFM = (V1 + V2) + (V3 + V4) (3.2.14)















3???? ( inertial drive)???














V????????? 3 m?????????????????? 120 V??
?? 500 nm??????????????????????????????







? 3.7: ??????? (attocube?????????).
????
3.3. ??????? 29







???????????? 10 mm, ?? 9 mm,?? 20 mm??????A,B,C,D





















30 ? 3? ???????????
???????????????? lz = 8 mm?h = 0:5 mm?dC 60131 = 210 pm/V
??????
z = 3:8 10 9  Vz (3.3.2)
????????????????






l+ = lx +l (3.3.4)














































? 3.9: ?????????? x????.








??????? ????? (???????????????) ???????
???????AFM ?FFM ???????????????????????




















?????????, ????C60????????????????? [27]. ?








?????, ??? 20 m?, ???????? 8.8 mm??????????
????, ?????????????? 1 mm , ???? 150 nm??????
??????????. ???, ??????????????????????






? 3.12(a)????????? STM???????. ???????????
?????? Ra???????, 100 nm????? Ra?, 0.25nm?????
34 ? 3? ???????????
?????????????????? nm???, ??????? 0.288 nm?




C60????? 0.7 nm ??????, ?????? fcc ?????. C60???
??????, C60??? (111) ?? 1 nm ?????????????????
???, ????????, ???????????, ????????????
?????.
C60???, ???????????????????. ? 3.13?, ?????
????????. ?????????, ??????????????C60??
??????????????, ???????, ?????????, ????
????????, C60?????????. ???????, 10 6 Pa????
???, ????? 0.05 ML/s, ????? 100 ??, ??????? 4 mm, ??
??????????? 6 cm, ???????? 360C???.
C60???, ??????????????????? 150C? 80 ????, C60
???????.
? 3.12(b)?C60????????AFM???????. ???? 2?? C60
?????AFM???????, ????C60??? 5 ?? 1????????










? 3.11: (a)AT-cut?????, (b)C60?????
????
(a) (b)
? 3.12: (a)??????? STM?, (b)C60????????AFM? [28].
????????
36 ? 3? ???????????
? 3.13: ??????????.
???????????




??????????, ???????????????????. ????, ?
?????, ????????????????????????????. ??
??? a = 0.246 nm?, ????????????? 0.142 nm ????
??,  1.0 mm????????????????????GE ???? SC-
cut??????????????. ????????????, ???????
??????????????. ????, ?????????????, ???
?????????????????. ????????????, 130C? 1 ?
??????, ???????????????????, ??????????
??. ?????????????Q?? 104?????, ????????.
?????????????????????????, ?????????
?????? 3.36 MHz ? SC-cut????????. SC-cut??????Q?
? 105?????, AT-cut?????? 1 ???????, ?????????
????????.???3rd O/T ? 5th O/T ??????????. ????





















???? 3??????????? C60 ????????????????
???????. ?????? AFM???, ????? 0.1N/m(RC800PSA,
Olympus)? Si3N4??, ?????????? 15 nm????
4.1 C60???
4.1.1 ?????
? 4.1, 4.2?, C60????????? (a)?? N, (b)????????fR=fR,
(c)Q???????Q 1 ??????????????. ?????, ???
????????????. ??????????????, ?????????
?????? 0?????. ????????????????? 50%?????
?. ??????????????? 15 nN, ??????????? 0.01 nm?
15 nm???.









? 4.1, 4.2? (c)??, Q???????Q 1?, ?????????, ??
???????????????. Q 1?????????????????




? 4.3?, C601???? 5??????? (a)????????fR=fR, (b) Q
???????Q 1, ????????????????????. ?????















































































































?, ? 4.1, 4.2????? 5 nN?????????fR=fR?Q 1?????
???.
? 4.3(a)??, ?? 5 nN????? C605????????????fR=fR
??0.2 nm?????????????????,??????????????
??????????????C601????????, ???????????
???????????????fR=fR?, 5?????????? 0.01 ppm
????.
? 4.3(b)??, ?? 5 nN????? C605???? Q??????? Q 1
??fR=fR?????????????????? 0.2 nm??????????




?? 0.2 nm???????, ???????????????????. ??
????????? 400 nN ?? C60??????????, ????????
fR=fR??0.8 nm???????????????????, ???????
?????????????????????Q???????Q 1?, 0.8 nm
?????????, ???????, 0.8nm ????????????????
???????. ?????????, C60??????? 1.0 nm???.
????C60???????????, ?????C60???????????
???????????????. ???, fR=fR?????????????
?, Q 1????????????, ?????????????????. ?














































5 layer C60 film
1 layer C60 film






































5 layer C60 film
1 layer C60 film
? 4.4: C60?????????????????????.
44 ? 4? ???????
4.2 ????????
4.2.1 ?????
? 4.5?, ???????????? (a)?? N, (b)????????fR=fR,
(c)Q???????Q 1 ????????????. ?????, ?????
??????????. ??????????????, ???????????
???? 0?????. ????????????????? 50%??????.
? 4.5(a)??, ?????????????????? (????)?????
?????????. ???????????N ??????????????
????????????????????????, ???????????
?????N ?????????. ??-?????, ????????, ???
??????????????????????.
















? 4.7?, ???????????? (a)????????fR=fR, (b) Q??
?????Q 1, ????????????????????. ??????,
? 4.5????? 5 nN?????????fR=fR?Q 1????????.
????????????????????fR=fR?Q???????Q 1
?????????C60????????????????????






? 4.7(b)??, ?? 5 nN?????????????? Q???????
Q 1??fR=fR?????????????????? 0.2nm???????
???Q 1?????????, ????? 0.2nm?????????, ???,






??, ???? 0.2nm??????????, ???????????????
????. ??????????? 400nN ????????????????
?, ????????fR=fR??0.2 nm?????????????????
??, ????????????????????????????Q????
???Q 1?, 0.2 nm?????????, ???????, ???? 0.2 nm
??????????????????. ?????????, ????????






??, ??????????, 0.2 nm???????????, ????????.
Q 1?????????, ???????????????. ??, Q 1??
??? 3?????????????????, ??????, C60???Q 1
?, ????????????????.
??????, ??????, C60?????????AFM ???, ?????
????????????????????????????????????



























































































? 4.7: ???????????? (a)?? N (b)????????fR=fR (c)
Q???????Q 1 ??????
















































































5 layer C60 film
1 layer C60 film
HOPG
? 4.9: C60???????????????????????????????
?. ???, ???????????? 30?????.























????????, i??????, Ei????????. AFM??? Si3N4?
???????, S = 0:29 , ES = 308 GPa??? C60 ????, S = 0:36 ,





















= 1:6 10 9 m (4.3.4)
???. ?????, ???? 5 nN , ??????????? 15 nm????
?????????????A????? a?, S = 0:3 , ES = 200 GPa??,
A=1.7710 18 m2; a = 7:5 10 9 m???:
4.4. 1??Tomlinson ??? 51
4.4 1??Tomlinson ???






? 4.10: 1??Tomlinson ???
????????, AFM??????????????, ???? k?????






















???H????????, a????????????, x??????, X(t)
????????????? 1?????????? 2????????????
3?????????????????????????????, ??????
?????? a?, ??????????? 0.25nm???.
? 4.3?4.5??????????????, ????????????? 4.1?
????. ???????Q???????Q 1?, ???????????,
???????????????????????????????. ????
???? f ???fR=fR?, ???????????, ???????????
??????????, ????. ?????, ???????????????
?????????????????????.






52 ? 4? ???????
?????????????.
? 4.1?, C60?????????????????????????????
?. ??????????, ????????????? stick-slip??????
???????????stick-slip????, ?????, ???????????
??????????? (stick)??????????, ????????????
???????, ??????????????????, ?????? (slip).
???????? stick-slip??, H = 22U0=(Ka2) > 1????. ????,
Q 1?????????, stick-slip????????????. C60???H?
1?????????, ?????????H ? stick-slip??????????
???, ??????????????, ?????????? stick-slip???
????, C60???? stick-slip???????????? 4.1??, C60???
????????????? U0? 1???????????????????,
? 2.1?? 4.1??, ?????C60????U0?C60??????? 3????




? 4.1: ??????????????? 2
monolayer C60 5 layer C60 HOPG
m/kg 1:9 10 14 2:5 10 14 3:1 10 14
U0/J 4:4 10 19 1:1 10 18 4:1 10 17
a/m 2:5 10 10 2:5 10 10 2:5 10 10
k/Nm 1 7:6 102 1:2 103 1:2 103















2. AFM????????????????????????, ????? f
?Q????????, ???????????????.
3. ?????????, ?????????????? f ????, Q???
???. ????????fR=fR?, ????????????????
????, ?????????????. ??????, Q???????
Q 1?, ??????????, 0.2 nm????????????, ??
?, ????????????????????. ?????, C60????
C60???C  C??????, ???????????????????
?? (a = 0.25 nm)???????.
4. ???????, ?????? 0.2 nm???????. ?????????
?????? (??????)??????? 0.2 nm????????, ?
???????????????????, ??????????????
?????????????????.









??????????, ??, C60??? 1?? Tomlinson ???????
??????????, ???????? stick-slip ??????????.
???, ?????, ?????????????????, ???????
???????????????. ????? 1????, AFM?????
????????C60????????????????????.
7. C60??????????, ??? (? 100nN)?? 1?? Tomlinson ???
????????????? U0? 10 17????;??????C60???
????????. ???, ??????, U0? 10 19????;?????
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